Automation tools for the verification and validation of transient stability models by Raposa, Beverly R
c© 2016 Beverly Regalado Raposa
AUTOMATION TOOLS FOR THE VERIFICATION AND VALIDATION
OF TRANSIENT STABILITY MODELS
BY
BEVERLY REGALADO RAPOSA
THESIS
Submitted in partial fulfillment of the requirements
for the degree of Master of Science in Electrical and Computer Engineering
in the Graduate College of the
University of Illinois at Urbana-Champaign, 2016
Urbana, Illinois
Adviser:
Professor Thomas J. Overbye
ABSTRACT
In light of some major disturbances in the Western Interconnection over the
past two decades, efforts are being made to improve the representation of
the system to help prevent the underutilization or overutilization of the grid.
Various transient stability software packages are widely used for dynamic
analyses to help make key decisions in the planning, design, and operation
of the power grid. Prior work and software documentation has shown that
software packages implement the same dynamic models differently, which can
lead to discrepancies in the simulation results of the same system. Dynamic
models associated with the generator, such as the machine model, exciter,
governor, and stabilizer, play a significant role in a system’s dynamic re-
sponse. However, in a large system, generator interface signals are affected
by many other components of the system. To isolate the response of a gener-
ator, a single-machine infinite bus (SMIB) equivalent of a generator is created
and its dynamic models are analyzed in detail to identify the source of the
discrepancies. This research focuses on improving previous work by creating
a graphical user interface (GUI) to automate the simulation and analysis of
dynamic models in the SMIB generator equivalents.
Once discrepancies in the implementation of models between the software
packages are addressed, the PowerWorld simulations are validated against
phasor measurement unit (PMU) data collected during a disturbance. This
research focuses on the beginning stages of this effort by creating a graphical
user interface (GUI) to automate the formation of validation base cases by
mapping generator dynamic models from planning cases to real-time cases.
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CHAPTER 1
INTRODUCTION
This chapter explores the background information related to this research.
More specifically, it introduces the definitions of power system transient sta-
bility, verification, and validation, in addition to the motivation and objec-
tives of this thesis. The purpose of this chapter is to introduce the signifi-
cance and importance of this research. Finally, the chapter concludes with
an overall layout of this thesis.
1.1 Motivation and Literature Review
Power system transient stability refers to the ability of the power system
to maintain synchronism following a large disturbance, such as loss of gen-
eration, sudden load changes, faults, and line-switching operations [1]. In
response to these large disturbances, the system experiences significant vari-
ations between generator rotor angles, power flows, bus voltages, and other
system variables [2]. As a result, the system may not be able to maintain
synchronism.
In contrast to static power flow analyses, transient stability analyses focus
on the dynamic response of a system when it is perturbed away from an
equilibrium point. This analysis assesses the short term angular and voltage
stability of the power system in the transient stability time frame of several
seconds to 30 seconds. Generators play a major role in a system’s dynamic
response, thus, generator dynamic models such as the machine model, exciter,
governor, and stabilizer are analyzed in further detail.
Today, several commercial software packages are available to perform tran-
sient stability studies, which help make key decisions regarding the design,
planning, and operation of the the power grid. These packages constantly
undergo a normal revision process, making the introduction of software bugs
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possible. Ocassionally, system dynamic data is also updated. If more than
one software package is used to perform transient stability studies, one may
wonder which package yields correct results or if the results from different
packages match. Prior research and software documentation has shown that
these two software packages implement the same dynamic models differently,
which can lead to discrepancies in the simulation results of the same system
[2]. In addition, Shetye et al. [2] have concluded the verification of transient
stability results between software packages is crucial and will leave users with
confidence that both the system dynamic models and software packages is
producing “reasonable” simulation results.
Verification of simulation software is “the process of determining that a
model or simulation implementation and its associated data accurately rep-
resent the developer’s conceptual description and specifications” [3]. In [4],
Shetye et. al have developed a method to systematically determine the dis-
crepancies between the transient stability results to verify the software pack-
ages, PowerWorld and PSLF, against one another. This research builds on
[4] by automating the dynamic simulation runs and the deactivation process
to isolate the discrepancy-causing dynamic models.
In addition, research in [2] identifies the need to validate transient stability
simulation results against real-world data. Power system operational limits
are set based on simulation studies and inaccurate models can cause overuti-
lization or underutilization of the grid, or lead to cascading disturbances and
black-outs, which makes this issue a cause of concern [5]. To address this
issue, work regarding the validation of dynamic models, such as generators,
has been done and is currently ongoing.
Validation is defined as “the process of determining the degree to which a
model or simulation and its associated data are an accurate representation
of the real world from the perspective of the intended uses of the model” [3].
With the widespread deployment of phasor measurement units (PMUs) in the
WECC system, the power grid has become more observable and validation is
made possible. Transmission system level phasor measurement unit (PMU)
data during transient events such as disturbances or tests can be compared
to simulations of the models using the same set of disturbances. Sensitivity
analyses can be performed to determine which models and subsystems are
causing validation errors. This research focuses on the beginning stages of
system-level validation by automating the creating of validation base cases
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using real-time cases and dynamic data from planning cases.
1.2 Project Objective
This research is based on the Bonneville Power Administration (BPA) Tech-
nology Innovation Project (TIP) 268 entitled “Verification and Validation of
Transient Stability Models and Results” and Technology Innovation Project
(TIP) 357 entitled “Techniques and Tools for System Level Validation of
Transient Stability Models using PMU Data” [6], [5]. BPA is a federal power
marketing agency in the Pacific Northwest, which is part of the Western
Electricity Coordinating Council (WECC) region. The WECC system is
comprised of about 17,000 buses and 3,000 generators. Although the cases
used in this research stem from WECC system data, the bus numbers, area
names, etc. have been changed to maintain confidentiality.
Due to major disturbances that occurred in the Western Interconnection
over the past two decades, efforts are being made to improve the represen-
tation of dynamic devices such as generators and loads in planning cases
by using real-time measurements from the grid. Utilizing more accurate dy-
namic models in simulations will provide power system planners with a better
idea of how the system behaves, which will help make more suitable plan-
ning and operational decisions. However, since the accuracy of a simulation
study greatly depends on the solution process of the software package used,
this effort begins with the verification of two software packages against one
another. Once discrepancies between software packages are resolved and the
results are more consistent, the project is extended to validate simulation
results against PMU data.
The goal of this project is twofold: to create a graphical user interface
(GUI) to automate the verification of transient stability results between two
commercial software packages and to create another GUI to automate the
validation of transient stability models against PMU data. This research
focuses on the former and the beginning stages of the latter task.
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1.3 Thesis Organization
This thesis is organized as follows:
Chapter 2. This chapter describes the methodology used for the verification
of transient stability results between two software packages. The method is
automated and demonstrated in a study with 50 cases.
Chapter 3. This chapter describes the beginning stages of validating simu-
lation results against PMU data. A method used to map generator dynamic
data to real-time cases to create a base case is described, automated, and
demonstrated.
Chapter 4. This chapter summarizes the thesis, while highlighting the key
contributions of the work done. It also describes the future work planned for
the improvement of the methods and tools described.
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CHAPTER 2
VERIFICATION OF GENERATOR
DYNAMIC MODELS
Before describing the methodology used to verify generator dynamic models,
an overview of generator dynamic models and key generator interface signals
are discussed. By creating single-machine infinite bus (SMIB) equivalents,
the generator response is isolated from the system and the unadulterated
generator interface signals are analyzed. The main comparison metric used
is the L1-norm difference, which determines which generator cases warrant
further investigation in sequential stages. Finally, the automation of this
method is discussed and demonstrated in a case study.
2.1 Generator Dynamic Models
In large networks, such as the WECC system, generator interface signals are
affected by the other control signals from the rest of the system as shown in
Figure 2.1. Dynamic models associated with generators greatly contribute
to a system’s dynamic response. The generator interface signals of interest
are shown in Figure 2.2 and listed in Table 2.1.
The dynamic models associated with a generator, which include a syn-
chronous machine model (or machine model), excitation system (or exciter),
turbine-governor (or governor), and stabilizer, are described in the following
list:
• Machine model (M): The synchronous machine model (or machine
model) is the primary model used to represent the dynamics associ-
ated with a conventional generator. The model consists of rotor circuit
dynamic equations, stator voltage equations, and equations of motion.
• Turbine-Governor (G): The prime mover converts the original energy
source, such as steam, gas, water or wind, into mechanical energy and
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Figure 2.1: Subsystems of Power System and Associated Controls [7]
Figure 2.2: Key Generator Signals [4]
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supplies the mechanical energy to a synchronous generator to produce
electrical energy. The governor senses the speed, ω, of the turbine
(prime mover) and adjusts the mechanical power output, Pm, of the
prime mover by controlling the fuel or steam to the prime mover to
maintain its speed (and hence, frequency) at a desired level.
• Excitation System (E): The fundamental function of an excitation sys-
tem is to provide direct current to the synchronous machine field wind-
ing. It also performs control and protective functions that are necessary
for the satisfactory performance of the power system. Control functions
include the control of the generator field voltage, Efd, (thereby the con-
trol of field current, Ifd) in an attempt to maintain the terminal voltage,
Vt, equal to the reference, Vref , the control of generator reactive power,
Q, and the enhancement of system stability. Protective functions are
performed to ensure the capability limits of the synchronous machine,
excitation system, and other equipment are not violated. Components
of an excitation system may include the exciter, voltage transducer and
load compensator, excitation control elements (regulator, limiter, and
protective circuits), and a power system stabilizer.
• Stabilizer (S): The fundamental role of a stabilizer is to damp out
low-frequency oscillations by providing an additional input signal, Vs,
that is proportional to the speed deviation of the excitation system.
This input signal is derived from machine speed, terminal frequency,
or power. Hence, the stabilizer should only be activated when low-
frequency oscillations develop.
Note that other models, such as excitation limiters, voltage compensators,
turbine load controllers, and generator relay models, are also associated with
dynamic models of a generator; however, the focus of this work is solely on
the generation side. A conventional generator will always have at least a
machine model and up to three other dynamic models (exciter, governor,
stabilizer).
When a synchronous generator is connected to a large interconnected sys-
tem containing other synchronous generators, the armature voltage and fre-
quency are fixed by the system. In order to further isolate the generator
interface signals, the single-machine infinite bus equivalent model is used.
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Table 2.1: Key Generator Interface Signal Symbols
Signal Name Symbol
Terminal Voltage Vt
Terminal Current It
Generator Real Power P
Generator Reactive Power Q
Field Voltage Efd
Field Current If
Mechanical Power Pm
Speed ω
Stabilizer Signal Vs
Voltage Reference Vref
Governor Real Power Reference Pref
2.2 Single-Machine Infinite Bus (SMIB) Equivalents
Figure 2.3: Single-Machine Infinite Bus (SMIB) Two Bus Equivalent
Representation [4]
By using a single-machine infinite bus equivalent as shown in Figure 2.3,
the unadulterated, small-signal performance of a single machine connected
to a large system through transmission lines can be studied. For each SMIB
equivalent, the generator and its dynamic models are retained, and the gener-
ator bus is conneced to the an infinite bus through its driving point impedance
as shown in Figure 2.3. The infinite bus with a fixed constant voltage mag-
nitude and angle (1 6 0◦), Ve, and constant frequency represents the network.
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For any given system condition, the magnitude of the infinite bus voltage
remains constant when the generator is perturbed [7]. PowerWorld has a
built-in function that automates the creation of SMIB equivalents of each
generator in a large network.
To actuate the active dynamic models in the generator, severe disturbances
are applied to push the values to their limits to test the models thoroughly.
These disturbances can be applied to the infinite bus using a signal “play-
back” function which is available in both software packages. Using the play-
back functionality of the software packages, three main types of disturbances
were applied: a 1% (or 6 Hz) increase in frequency (Frequency Up), a 1%
(or 6 Hz) decrease frequency (Frequency Down), and a three-phase bus-to-
ground fault causing a short-circuit voltage (Voltage). A playback file for
each fault type was created in text file format (.txt) and will be used by
both software packages when running simulations. The behavior of the three
disturbance types are shown in Figure 2.4.
2.3 Comparison Metrics
In this project, two comparison were metrics used to compare the transient
stability results. The most convenient method that is easy to distinguish with
the human eye is to plot simulation results for a particular generator signal
with the same fault type applied for the two software packages as shown in
Figure 2.5(a).
In Figure 2.5(a), it is easy to identify the mismatches between the two soft-
ware packages from the area in between the two curves. However, when mul-
tiple signals for multiple generators are present, plotting every single signal
from both packages for each generator can be time consuming. In addition,
if the curves are very similar and cannot be completely distinguised with
the naked eye, such as Figure 2.5(b), a method to quantify the differences
must be used. As a result, a numeric metric or “dissimilarity measure” was
developed in [4] to quantify the mismatches between the transient stability
signals resulting from both packages. This metric yields unit-less values that
are indifferent to the magnitude and number of data points of any two sig-
nals of the same type, which will be referred to in this thesis as the “L1-norm
metric”, the“L1-norm difference”, or the “L1-norm”.
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(a) Increase in Frequency by 1% (b) Decrease in Frequency by 1%
(c) Three-Phase Bus-to-Ground Fault
Causing a Short-Circuit Voltage
Figure 2.4: Disturbances (Fault Types) Applied to the SMIB Cases
After an initial fault is applied to a set of generators and simulated, the
L1-norm is calculated for each interface signal to identify the mismatches
between the results from the two software packages. Small differences be-
tween the signals (or small L1-norms) are insignificant and can be ignored.
A minimum threshold referred to as the “elbow-point”, is used to find the
natural separation of the L1-norm data points for real and reactive power
as explained in [2]. Data points above the elbow warrant further investiga-
tion of the generator dynamic models. The generators that correspond to
the data points above the elbow-point will be further analyzed in stages to
narrow down the source(s) of the discrepancies. Since generators may have
more than one associated dynamic model, SMIB equivalents with more than
one dynamic model are simulated in sequential stages to isolate and identify
the discrepant model.
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(a) Mismatches Are Obvious in Reactive Power
(b) Mismatches Are Not Obvious in Real Power
Figure 2.5: Comparison Plots of Signals Measured from Case 38114 1
2.4 Generator Model Deactivation Stages
At this point, the set of SMIB equivalents that will be isolated in sequential
stages (M, ME, MG, MEGS) all had real or reactive power L1-norm differ-
ences above the elbow-point threshold after the first fault simulation. For
example, Table 2.2 lists a set of cases that will be isolated in sequential stages
based on which models the generator contains. For this batch of SMIB equiv-
alents, all go through the Stage M deactivation because all SMIB equivalents
will always have at least a machine model.
The first stage is Stage M, where only the machine model is active and the
other models are deactivated. Since real power, P , reactive power, Q, are
both affected by the machine model, two separate disturbances will be sim-
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Table 2.2: Example of Dynamic Models for a Set of Generator Cases
Case M E G S
A x x x
B x x
C x x
D x
E
ulated: over frequency (Frequency Up) and short-circuit voltage (Voltage).
The compared signals include P, Q, terminal voltage, Vt, and speed, ω, are
affected by the machine model as listed on Table 2.3.
Table 2.3: Deactivation Stages
Stage M E G S Disturbances Compared Signals
1. M x x x Frequency Up,
Voltage
ω, Vt, P , Q
2a. ME x x Voltage Efd
2b. MG x x Frequency Up,
Frequency
Down
Pm
3. MEGS Frequency Up,
Voltage
Vs
Once data from the compared signals in Stage M is collected for both fault
types, the L1-norm of each signal is calculated. If an L1-norm difference
for any generator interface signal is greater than the user-defined threshold,
the generator does not proceed to the next stage, indicating the machine
model was discrepant. If the generator is below the user-defined threshold
and has an exciter model present (i.e. Cases B, D, and E), it proceeds to
Stage ME or to Stage MG if a governor model is present and an exciter
model is not present (i.e. Case C). On the other hand, if the machine was
the only dynamic model associated with the generator (i.e. Case A) and the
L1-norm difference is below the threshold, this particular model type does
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not contribute to the mismatches in the simulation results.
In Stage ME, only the machine and exciter model are active and a Voltage
disturbance is applied in the simulation because the exciter is directly affected
by the voltage of the system. Since the main task of the exciter is to control
the field voltage of the synchronous machine, this signal will be observed
from the transient stability results and its L1-norm will be calculated. If
the L1-norm associated to a particular generator is above the user-defined
threshold, the generator does not proceed to Stage MG due to a discrepant
exciter model. In contrast, if the L1-norm difference is below the threshold,
it proceeds to Stage MG if a governor is present or if the generator only
contains a machine and exciter model, it does not proceed to any further
testing and is considered a match due to the low L1-norm difference.
At this point, the remaining set of SMIB generator equivalents either have
three dynamic models (M, E, G) or two dynamic models (M, G). In Stage
MG, where only a machine and governor model are active, a Frequency Up
and Frequency Down disturbances are separately simulated because the gov-
ernor is directly affected by the speed of the machine and hence, frequency.
Mechanical Power, Pm, is compared by calculating the L
1-norm. For gener-
ators with an L1-norm difference above the user-defined threshold fail this
analysis due to a discrepant governor model, whereas generators with an L1-
norm difference above the threshold have small mismatches caused by the
governor and either move onto Stage MEGS for further analysis if a sta-
bilizer model is also present (i.e. Case E) or end here (i.e. Cases C and
D).
Finally, all four dynamic models are activated in Stage MEGS and a Fre-
quency Up and Voltage disturbances are applied in separate simulations. The
stabilizer output signal, Vs, is compared using the L
1-norm metric. Gener-
ators with an L1-norm difference above the defined threshold have errors
caused by the stabilizer model, whereas generators with an L1-norm differ-
ence below the threshold have errors that are small enough to be deemed
insignificant. If the user-defined threshold was lowered to create a tighter
bound, it is possible that more generators are likely to fail.
Isolation by deactivation can become a tedious process, especially due to
the repeated deactivation of models, simulations, and calculations for two
different software packages. Thus, it is highly beneficial for a user to have an
automation tool to batch process simulations and calculations.
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2.5 Automation Tool for Verification
2.5.1 Software Packages and Programming Languages
Of the numerous commercial transient stability software packages available
today, this study focuses on comparing PowerWorld with GE PSLF (PSLF).
Both packages have batch processing capabilities with the help of languages
suitable for scripting, such as MATLAB and Python. In addition, the func-
tionality of PowerWorld was extended to MATLAB and Microsoft Visual
Studio through the use of the Simulation Automation Server (SimAuto) fea-
ture. Microsoft Visual Studio is an integrated development environment that
offers built-in tools such as a forms designer, which was used to build the
graphical user interface (GUI) application using C#. The GUI was compiled
into an executable file (.exe) for Windows platforms. Note since the automa-
tion tool calls PowerWorld, PSLF, MATLAB, and Python, the user must
have these programs installed in order to use the tool.
2.5.2 Graphical User Interface Layout
For convenience, the graphical user interface (GUI) is separated into seven
different sections as shown in Figure 2.6. This separation allows for system-
atic use of the tool. In the first section, as shown in Figure 2.7, the user
must select the directory where the SMIB equivalents are stored. This will
also be the parent directory where all the results generated by the tool will
be stored.
Section 2, shown in Figure 2.8, is where the user can select up to three
fault types to simulate on PowerWorld or PSLF. These fault types include
an increase in frequency, listed as Frequency Up, a decrease in frequency,
listed as Frequency Down, and a short-circuit voltage, listed as Voltage, as
shown in Figure 2.8. The user can select up to three fault type combinations
to run at one time. If no fault type is selected, the a message will appear
on the log at the bottom left of the GUI (shown in Figure 2.6) stating “No
fault type selected.” Note, selected fault types will be sequentially simulated
on both packages. Once the simulation is run on PowerWorld, a directory
for the selected fault type is created in the parent directory and the results
are stored.
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Figure 2.6: Graphical User Interface (GUI) Layout
Figure 2.7: GUI Section 1: Select Directory of SMIB Cases
Figure 2.8: GUI Section 2: Run Simulators
Results are processed in Section 3 as shown in Figure 2.9. The user can
choose to “Identify Motors”, which will identify the motor machine models
when processing the results. Identifying motor machine models is important
because motors are loads that consume power, whereas generators produce
power. As a result, motor machine models may have a different sign conven-
tion compared to generator models. In both packages, motor machine models
are addressed with a different sign convention. Not accounting for the mo-
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Figure 2.9: GUI Section 3: Process Results
Figure 2.10: GUI Section 4: Algorithms
tors will result in a significant mismatches between the measured signals;
hence, a large L1-norm difference. When the “Extract” button is clicked, the
results for a single fault type are extracted and a timestamped directory is
created inside the directory of the selected fault type. Extraction prepares
the results for numerical comparison in Section 4 (Figure 2.10) and graphical
comparison in Section 5 (Figure 2.11).
The results for the initial fault are processed in Section 4 as shown in Figure
2.10. Two algorithms, Minkowski and L1-norm, are available to compare the
results from PowerWorld and PSLF; however, only the L1-norm is used as
a comparison metric to determine whether or not an SMIB case moves onto
the deactivation stage in Section 6 for further examination. Before the L1-
norm difference algorithm was used as a comparison metric, the Minkowski
algorithm was used, which is essentially the L2-norm difference. When the
“Compare SMIB Results” button is clicked, the selected algorithm is applied
to the extracted results, and summary files are created in the timestamped
directory, which was created during extraction.
After the results are extracted in Section 3, the measured signals are plot-
ted in Section 5. For each bus, the compared signals include terminal volt-
age, rotor angle, field voltage, real power, speed, reactive power, mechanical
power, and stabilizer output. Using the drop-down list, the user can select
16
Figure 2.11: GUI Section 5: Graph Results
a bus and which signal to plot for that particular bus. Graphing the signals
helps the user visually compare and observe the behavior of the measured
signals from both packages.
Figure 2.12: GUI Section 6: Deactivation
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Figure 2.13: GUI Log
As mentioned earlier, generators with real and reactive power L1-norm
differences above the elbow-point from Section 4 proceed to deactivation
in Section 6, which is shown in Figure 2.12. While stepping through the
different sections of the GUI, the user can refer to the log (shown in Figure
2.13) to see which action has been completed, how to proceed, and for error
messages.
2.5.3 Algorithm and Case Study
Before using the automation tool, the SMIB two bus equivalents for both
packages must be created on PowerWorld from a large system case. Using the
WECC large system case, two bus equivalents were created in PowerWorld
(.pwb) format and PSLF format (.dyd and .epc) for 50 generators. It is
important to note that the playback file must be in the same directory where
the SMIB cases will be saved. If the playback file is not in the same directory
as the cases, PowerWorld will not detect the playback bus behavior defined
in the playback file and the simulation results will be inaccurate.
When the automation tool application is first installed and opened, it will
prompt the user to configure key locations as shown in Figure 2.14. These
key fields include the location of PSLF, PowerWorld, Python, and MATLAB
applications, the directories that contain the script files provided with the
program, and the directory containing the SMIB cases to be analyzed. Once
these paths have been selected, click save and exit the Config window.
First, the directory of the SMIB cases is selected as shown in Section 1 of
Figure 2.15. In Section 2 of the GUI (shown in Figure 2.8), an initial fault
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Figure 2.14: Configuration Window
Figure 2.15: Running All Initial Fault Types on the GUI
type must be chosen and run on PowerWorld then run on PSLF as shown in
Figure 2.15. Multiple fault types can be run consecutively on PowerWorld
or PSLF, however; only the results of one fault simulation will be further
analyzed. In this case study, all three fault types are selected for the initial
simulation. Once the fault types are selected, the “Run PowerWorld” button
is clicked, which will create a directory for the corresponding fault types and
launch a MATLAB Command Window as shown in Figure 2.16. By clicking
this button, the internal code in C# will call MATLAB to automate batch
processing PowerWorld cases. From this window, the user is able to keep
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track of how many case files have been successfully simulated. Note one
MATLAB Command Window corresponds to the batch process simulation
of one fault type, therefore, if more than one fault type is selected, more
than one MATLAB Command Windows will open sequentially. Once all 50
case files are simulated on the three different command windows, the user
can close the MATLAB Command Windows and proceed to running the
PSLF simulations. When the “Run PSLF” button is clicked, the C# code
calls Python to batch process the PSLF simulations through the Python
shell as shown in Figure 2.17. Similarly, once all 50 cases are simulated on
the three command shell windows, the user can close them. The results for
the PowerWorld and PSLF simulations are then stored in the corresponding
directory based on the fault type.
Figure 2.16: PowerWorld Simulation on the MATLAB Command Window
Once the simulations in Section 2 are completed, the results are processed
in Section 3 by selecting the “Identify Motors” and “Frequency Down” check
boxes, and clicking the extract button as shown in Figure 2.18(a). After the
results are extracted, the log will notify the user as shown in Figure 2.18(b).
After extraction, results from all 50 SMIB cases are available for graph-
ing in Section 5. In Figure 2.19, the measured signals for case 10320 1 are
graphically compared for PowerWorld (blue trend line) and PSLF (red trend
line). The behavior of the measured speed in Figure 2.19(e) verifies the fault
type applied (Frequency Down) since the speed or frequency of the genera-
tor decreases for a short period then returns back to its original value, which
matches the applied playback signal in Figure 2.4(b).
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Figure 2.17: PSLF Simulation on the Python Shell
(a) Processing Results for Frequency Down
Simulation with Motors Identified
(b) Log Message After Extraction
Figure 2.18: Processing Results Simulation
The results of case 33840 4, which contains the motor machine model MO-
TOR1, are plotted in Figure 2.20. Figure 2.20(a) is the measured real power
signal when the motor was not identified, whereas Figure 2.20(b) shows the
same signal when the motor was identified. Notice both trend lines are of
equal and opposite magnitudes. As a result, the differences between the two
signals in Figure 2.20(a) are very large compared to Figure 2.20(b) due to the
difference in sign convention in both softwares. If the motor convention in
the machine model is not accounted for, this particular case may unnecessar-
ily fail the initial L1-norm comparison in Section 4, proceed to deactivation
in Section 6, and fail Stage M, creating inaccurate results. Therefore, it
is always good practice to identify motors; however, the user is still given
the option to do so depending on the type of analysis performed. Although
graphical comparison can be convenient to the naked eye, the results will be
analyzed numerically in Section 4 for a more thorough comparison.
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(a) Terminal Voltage (b) Rotor Angle
(c) Field Voltage (d) Real Power
(e) Speed (f) Reactive Power
(g) Stabiizer Output (h) Mechanical Power
Figure 2.19: Comparison Plots for a Frequency Down Fault Applied on
Case 10320 1
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(a) Motors are Not Identified (b) Motors Identified
Figure 2.20: Comparison Plots for a Frequency Down Fault Applied on
Case 33840 4
(a) Alorithms Selected
(b) Log Message After Results are Com-
pared
Figure 2.21: Applying Algorithms to results
In Section 4 of the GUI, both Minkowski and L1-norm algorithms are
selected and the “Compare SMIB Results” button is clicked (see Figure
2.21(a)). When the results are available, the user is notified in the log
with a message as shown in Figure 2.21(b). The generated results include
a Minkowski file listing all the results using the Minkowski algorithm, an
L1-norm file listing the calculated L1-norm differences for all the measured
signals, and an elbow file listing all the SMIB cases with at least one L1-
norm difference above the elbow-point. Cases below the elbow-point have
small mismatches that are naturally considered insignificant and can be ig-
nored. Out of the 50 cases in this study, 11 cases are above the elbow-point
as listed on Table 2.4. These cases will proceed to Section 6 for further anal-
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yses using the deactivation stages. The L1-norm differences calculated for
each deactivation stage are listed in Appendix A. In addition, a file entitled
“cases going into deactivation.csv” lists the cases going into deactivation and
can be found in Table B.1 in Appendix B.
Table 2.4: Dynamic Models for Generator Cases Above the L1-Norm
Elbow-Point
Case Name M E G S
8055 2 GENTPF EXST1 GE IEEEG1 GE N/A
8056 1 GENTPF EXST1 GE IEEEG1 GE N/A
8651 1 GENTPF EXST1 GE IEEEG1 GE N/A
8655 2 GENTPF EXDC4 IEEEG3 GE N/A
14903 1 GENROU ESST1A GE IEEEG1 GE PSS2A
14964 1 GENROU EXST2 IEEEG1 GE N/A
15188 3 GENTPF N/A N/A N/A
18276 2 GENTPF EXAC1 IEEEG1 GE N/A
31152 1 GENROU EXAC8B CCBT1 N/A
33840 4 MOTOR1 N/A N/A N/A
38114 1 GENROU REXS GGOV1 PSS2A
(a) Stage M Deactivation
Selected
(b) MATLAB Command Window Showing Which Models Were
Deactivated for Each Case
Figure 2.22: Stage M Deactivation GUI
During the stages of deactivation, it is crucial for the user to pay attention
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to the messages in the log, which will provide step-by-step instructions dur-
ing the deactivation process. To begin the deactivation phase in Section 6,
Stage M is selected and the “Run PowerWorld” button is clicked (see Figure
2.22(a)). A MATLAB Command Window will appear as shown in Figure
2.22(b) listing which models are deactivated for each case so only the ma-
chine model is active. In Stage M, two fault types will be run sequentially
(Frequency Up and Voltage) as listed in Table 2.3. After the other models
are deactivated, two MATLAB Command Windows similar to Figure 2.16
will also appear. When the simulation is completed, all three windows are
closed.
(a) PowerWorld (b) PSLF
Figure 2.23: Stage M Simulation Log Messages
The log will then prompt the user to run the PSLF simulation next as
shown in Figure 2.23(a). After the “Run PSLF” button is clicked, two Python
shells, similar to Figure 2.17, will open sequentially and will be closed once
the two simulations are completed. Similar to Section 3, the results are ex-
tracted in Section 6 for the Frequency Up fault type making the results of
the measured signals for each of the 11 buses available for graphical compar-
ison in Section 5. Extraction in Section 6 will only plot certain compared
signals of interest for each stage, which are listed in Table 2.3. Therefore, the
only compared signals that are plotted in Stage M for the 18276 2 case are
speed, terminal voltage, real power, and reactive power as shown in Figure
2.24. The applied Frequency Up disturbance is verified from the speed plot
in Figure 2.24(a). It is important to note these results in Stage M will be
different from the initial simulation of the same fault type in Section 2 be-
cause the fault was simulated with only one dynamic model active in Stage
M, whereas, all dynamic models contained in each case (as listed in Table
2.4) were active in the fault simulation from Section 2.
In the following steps, the log will prompt the user with step-by-step in-
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(a) Speed (b) Terminal Voltage
(c) Real Power (d) Reactive Power
Figure 2.24: Stage M Comparison Plots for a Frequency Up Fault Applied
on Case 18276 2
structions, such as which fault type to extract first, compare first, and which
fault type is next, as shown in Figure 2.25, to prevent confusion. First, the
Frequency Up data was extracted (see Figure 2.25(a)) and a user-defined
threshold of 0.2 was set, which will be compared to the calculated L1-norm
differences when the “Calculate L1 Norm Difference” button is clicked. Note
this threshold is large compared to typical values on the order of 0.01 or less.
However, for the purpose of showing all the deactivation stages are func-
tional, a larger threshold was chosen to allow at least one case containing all
four dynamic models to be analyzed in all four stages. Once the L1-norm
differences are calculated for the Frequency Up data, the log prompts the
user to extract the Voltage fault type results as shown in Figure 2.25(b).
After extraction, the plots for terminal voltage, speed, real power, reactive
power are available in Section 5 as shown in Figure 2.26. The applied Voltage
disturbance is verified by observing the terminal voltage in Figure 2.26(b),
which behaves like the Voltage disturbance in the playback file shown in Fig-
ure 2.4(c). This voltage disturbance also affects the behavior of the speed,
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(a) Extraction of Frequency Up Data (b) L1-Norm Difference Calculation for
Frequency Up Data
(c) Extraction of Voltage Data (d) L1-Norm Difference Calculation for
Voltage Data
(e) Generation of Pass/Fail Summary
Figure 2.25: Stage M Data Processing Log Messages
real power, and reactive power, which oscillates back to a stable voltage set
point after the fault is cleared as shown in the different plots in Figure 2.26.
Using the defined threshold of 0.2, the L1-norm differences are calculated
for the extracted Voltage simulation results as shown in Figures 2.25(c) -
2.25(d). Now that the L1-norm differences are calculated for both fault
types, a pass/fail summary is generated for Stage M by clicking the “Generate
Pas/Fail Summary” button (see Figure 2.25(e)). This summary lists the 10
cases that passed Stage M and one case that failed Stage M as shown in
Table 2.5 and in Appendix B. Cases that only have machine models, such as
case 15188 3, and passed Stage M have small mismatches that are naturally
negligible and the analysis ends here. Cases that passed Stage M and have
an exciter model move onto Stage ME, while cases that have a generator
model without an exciter model proceed to Stage MG.
From the 10 cases that passed Stage M, nine cases have exciter models
and will be further analyzed in Stage ME. Stage ME is selected and run on
PowerWorld as shown in Figure 2.27(a). A MATLAB Command Window
will appear (see Figure 2.27(b)), showing which governor and stabilizer mod-
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(a) Speed (b) Terminal Voltage
(c) Real Power (d) Reactive Power
Figure 2.26: Stage M Comparison Plots for a Voltage Disturbance Applied
on Case 18276 2
(a) Stage ME Deactiva-
tion Selected
(b) MATLAB Command Window Showing Which Models Were
Deactivated for Each Case
Figure 2.27: Stage ME Deactivation
els are deactivated for each case so only the machine and exciter models are
active in the Stage ME simulations. Since the exciter model adjusts the field
current (and hence, the field voltage) to maintain the terminal voltage of the
generator, only one fault type, Voltage, is simulated. After the PowerWorld
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Table 2.5: Deactivation Stage Pass/Fail Summary
Case Name M ME MG MEGS
8055 2 N/A
8056 1 N/A
8651 1 N/A
8655 2 N/A
14903 1 X N/A
14964 1 N/A
15188 3 N/A N/A
18276 2 N/A
31152 1 N/A
33840 4 X N/A N/A N/A
38114 1 X
simulation is complete, the log will prompt the user to run the PSLF simula-
tion as shown in Figure 2.28(a). When the PSLF button is clicked, a Python
shell similar to Figure 2.17 will appear and run the voltage simulation. Once
the PSLF simulation is complete, the log will prompt the user to proceed to
extracting the Voltage simulation results (see Figure 2.28(b)).
(a) PowerWorld (b) PSLF
Figure 2.28: Stage ME Simulation Log Messages
To extract the Voltage results, the Voltage check box is chosen and the
“Extract” button is clicked as shown in Figure 2.27(a). Plots for terminal
voltage, rotor angle, field voltage, real power, and reactive power will be
available, however; field voltage is the only signal of interest, because the
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exciter adjusts the field current (hence, field voltage) to maintain the terminal
voltage. In Figure 2.29, the field voltage and terminal voltage of case 31152 1
are plotted. Since a Voltage disturbance was applied in Stage ME, it is
expected that the terminal voltage in Figure 2.29(b) behaves like the applied
Voltage disturbance as shown in Figure 2.4(c).
(a) Field Voltage (b) Terminal Voltage
Figure 2.29: Stage ME Comparison Plots for a Voltage Disturbance
Applied on Case 31153 1
In this stage, case 14903 1, is a good example of discrepancies caused by
the exciter model. Case 14903 1 passed Stage M, when only the machine
model was active, indicating the machine model was not a source of the
discrepancies. The Stage M terminal voltage measured from case 14903 1,
shown in Figure 2.30(a), have results that oscillate and eventually stabilizes
to an operating point. In contrast, the terminal voltage in Stage ME, shown
in Figure 2.30(b), becomes very unstable after the disturbance is applied.
Similarly, the signal of interest, field voltage, which is shown in Figure 2.30(c)
also becomes unstable. This visual comparison is a good indication that case
14903 1 will most likely fail Stage ME due to a large L1-norm difference.
Once extraction is complete, the log will prompt the user to proceed to
calculating the L1-norm difference as shown in Figure 2.31(a). Using the
defined threshold of 0.2, the “Calculate L1 Norm Difference” button is clicked
and an L1 norm report is generated and can be found in the Table A.2 in
Appendix A. After calculating the L1-norm difference, the log will prompt
the user to create a pass fail summary as shown in Figure 2.31(b). The
“Generate Pass/Fail Summary” button was clicked and a summary of the
cases that passes and failed Stage ME was generated (see Figure 2.31(c)),
which can be found in Table B.3 listed in the appendix. From the nine
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(a) Terminal Voltage Stabilizes After Dis-
turbance in Stage M
(b) Terminal Voltage Becomes Unstable
After Disturbance in Stage ME
(c) Field Voltage Becomes Unstable After
Disturbance in Stage ME
Figure 2.30: Case 14903 1 Becomes Unstable After a Voltage Disturbance
Is Applied in Stage ME
(a) Extraction of Voltage Data (b) L1-Norm Difference Calculation for
Voltage
(c) Generation of Pass/Fail Summary
Figure 2.31: Stage ME Data Processing Log Messages
cases entering Stage ME, eight cases passed and one case failed as listed on
Table 2.5. Sure enough, the one case that failed was case 14903 1, which was
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predicted to fail from the graphical comparisons in Figure 2.30. Therefore,
the discrepancies in the results for case 14903 1 were caused by the exciter
model ESST1A GE. Note passing Stage ME is not a requirement for a case to
proceed onto Stage MG because the results from the effect of an exciter model
are not considered in Stage MG. As a result, since case 14903 1 contains a
governor model, it will still be analyzed in Stage MG. If there was a case
that only had a machine model and exciter model and passed Stage ME, the
analysis would end here.
(a) Stage MG Deactiva-
tion Selected
(b) MATLAB Command Window Showing Which Models
Were Deactivated for Each Case
Figure 2.32: Stage MG Deactivation
Passing Stage M and containing a governor model is the only requirement
for further analysis in Stage MG. From the ten cases that passed Stage M,
nine cases also have governor models, so these cases will be analyzed in Stage
MG. Stage MG is selected and simulations are run on PowerWorld as shown
in Figure 2.32(a). Once the “Run PowerWorld” button is clicked, a MATLAB
Command Window (see Figure 2.32(b)) will appear listing which models
are deactivated for each case, so only the machine and governor models are
active during the simulation. Once only the machine and governor models
are active for each case, two other MATLAB Command Windows similar to
Figure 2.16 will appear sequentially to run a Frequency Up and Frequency
Down simulation. Recall the main function of a governor is to control speed
to maintain a desired frequency, which is why only frequency disturbances
are applied in this stage and simulating a voltage disturbance is unnecessary.
When the simulation is complete, the log will prompt the user to proceed
to running simulations on PSLF as shown in Figure 2.33(a). After the “Run
PSLF” button is clicked, two Python shells will appear sequentially, similar to
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Figure 2.17, for a Frequency Up simulation and Frequency Down simulation.
Once the simulations are completed, the command windows are closed and
the log will prompt the user to proceed to extracting the Freqeuncy Up results
first as shown in Figure 2.33(b).
(a) PowerWorld (b) PSLF
Figure 2.33: Stage MG Simulation Log Messages
(a) Extraction of Frequency Up Data (b) L1-Norm Difference Calculation for
Frequency Up Data
(c) Extraction of Frequency Down Data (d) L1-Norm Difference Calculation for
Frequency Down Data
(e) Generation of Pass/Fail Summary
Figure 2.34: Stage MG Data Processing Log Messages
Once the Frequency Up results are extracted, it becomes available for
graphical comparison in Section 5 and the user is prompted to calculate the
L1-norm difference (see Figure 2.34(a)). Comparison plots are generated
for speed, real power, reactive power, and terminal voltage, in addition to
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mechanical power, because the machine model is also active. Using the speed
plot shown in Figure 2.35(a), the Frequency Up fault type is verified because
the behavior is similar to Figure 2.4(a). In addition, to increase the frequency
(and speed) of the system, the mechanical power output of the prime mover
is decreased as shown in Figure 2.35(b), which is expected based on Newton’s
second law [1].
(a) Speed (b) Mechanical Power
Figure 2.35: Stage MG Comparison Plots for a Frequency Up Disturbance
Applied on Case 8655 2
After the L1-norm differences are calculated using the same threshold of
0.2 for the Frequency Up results, the log will prompt the user to extract
the Frequency Down data as shown in Figure 2.34(b). When the results
are extracted, comparison plots for the Frequency Down disturbance become
available in Section 5. From Figure 2.36(a), which behaves similar to Figure
2.4(b), the applied Frequency Down disturbance is verified. Notice when the
speed decreases in Figure 2.36(a), the mechanical power produced in Figure
2.36(b) increases. This increase in mechanical power due to the decrease in
speed is expected based on Newton’s second law [1].
When the results from the Frequency Down disturbance have been ex-
tracted, the log will prompt the user to calculate the L1-norm differences
using the same threshold of 0.2 as shown in Figure 2.34(c). These results
can be found in Appendix A in Table A.3. At this point, L1-norm differences
have been calculated for both fault types and the log will prompt the user to
create a pass/fail summary for Stage MG (see Figure 2.34(d)), which can be
found in Appendix B and listed in Table 2.5. In the summary, all nine cases
passed Stage MG. Therefore, the governor models listed in Table 2.4 are not
discrepancy-causing models. If there was a case that only had a machine
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(a) Speed (b) Mechanical Power
Figure 2.36: Stage MG Comparison Plots for a Frequency Down
Disturbance Applied on Case 8655 2
model and governor model and passed Stage MG, the analysis would end
here. Out of the nine cases that passed Stage MG, two cases have a machine,
exciter, governor, and stabilizer models, and the user will be prompted to
proceed to Stage MEGS (see Figure 2.34(e)).
Finally, to qualify for analysis in Stage MEGS, an SMIB case must contain
a machine, exciter, governor and stabilizer models and pass Stage M, Stage
ME, and Stage MG. Although two cases that passed Stage MG also have an
exciter and stabilizer model, only one of those two cases also passed Stage
ME. Therefore, since passing Stage ME and Stage MG are the conditions
for entering Stage MEGS, only one case will be analyzed. In this stage, all
dynamic models are active during the simulations.
(a) Stage MEGS Deac-
tivation Selected
(b) MATLAB Command Window Showing Which Models Were
Deactivated for Each Case
Figure 2.37: Stage MEGS Deactivation
Stage MEGS is selected and the “Run PowerWorld” button is clicked as
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shown in Figure 2.37(a). A MATLAB Command Window will appear show-
ing all the models (machine, exciter, governor, and stabilizer) for each case
will be active during the simulation. In this stage, two disturbances (Fre-
quency Up and Voltage) will be simulated sequentially, so two MATLAB
Command Windows similar to Figure 2.16 will appear to run the Power-
World simulations. Once the two PowerWorld simulations are complete, the
log will prompt the user to run the PSLF simulations as shown in Figure
2.38(a). After clicking the “Run PSLF” button, two Python shells similar to
Figure 2.17 will appear to simulate the two disturbances sequentially. Once
all simulations are complete, all command windows are closed, and the log
in Figure 2.38(b) will prompt the user to proceed to extracting the data.
(a) PowerWorld (b) PSLF
Figure 2.38: Stage MEGS Simulation Log Messages
(a) Speed (b) Stabilizer Output
Figure 2.39: Stage MEGS Comparison Plots for a Frequency Up
Disturbance Applied on Case 38114 1
Once the simulations are completed, the Frequency Up data will be ex-
tracted first, as stated on the log (see Figure 2.38(b)), and the data will be
available for graphical comparison in Section 5. Because all dynamic models
were active during the simulation, results were collected for all seven mea-
36
(a) Extraction of Frequency Up Data (b) L1-Norm Difference Calculation for
Frequency Up Data
(c) Extraction of Voltage Data (d) SL1-Norm Difference Calculation for
Voltage Data
(e) Generation of Pass/Fail Summary
Figure 2.40: Stage MEGS Data Processing Log Messages
sured signals: terminal voltage (Vt), field voltage (Efd), speed (ω), real power
(P), reactive power (Q), mechanical power (Pm), and stabilizer output (Vs).
As a result, comparison plots are available for all seven compared signals.
However, since this stage focuses on the analysis of the stabilizer model (all
other models have been analyzed by the previous three stages), only the sta-
bilizer output is analyzed. First, the applied Frequency Up disturbance can
be confirmed by the similar behavior of the measured speed (Figure 2.39(a))
and applied fault (Figure 2.4(a)). The corresponding stabilizer output with
an increased frequency disturbance is shown in Figure 2.39(b). Although
the PowerWorld (blue) and PSLF (red) trend lines look very similar to the
naked eye, an L1-norm difference calculation will quantify the discrepancies
between the simulation results. Consequently, the user is prompted by the
log to calculated the L1-norm differences for the Frequency Up simulation
results in Figure 2.40(a).
Once the L1-norm differences have been calculated with a threshold of
0.2, the results are printed (see Appendix A, Table A.4), and the user is
prompted to proceed to extracting the Voltage results (see Figure 2.40(b)).
Voltage is selected in Figure 2.37(a) and the “Extract” button is clicked,
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making the signal comparison plots available in Section 5 of the GUI. The
Voltage disturbance applied is verified through the similar behavior of the
measured terminal voltage in Figure 2.41(a) and the fault type in Figure
2.4(c). This fault type yields the stabilizer output shown in Figure 2.41(b).
(a) Terminal Voltage (b) Stabilizer Output
Figure 2.41: Stage MEGS Comparison Plots for a Voltage Disturbance
Applied on Case 38114 1
After the Voltage results are extracted, the log will prompt the user to
calculate the L1-norm difference based on the threshold of 0.02 (see Figure
2.40(c)), and the results are stored (see Appendix A, Table A.4). The log will
then prompt the user to generate a pass/fail summary for Stage MEGS (see
Figure 2.40(d) and notify the user the report has been generated as shown in
Figure 2.40(e). This summary, which can be found in Table B.5 (Appendix
B) and listed on Table 2.5, shows case 38114 1 failed Stage MEGS. Therefore,
the stabilizer model (PSS2A) was the source of discrepancies for the this case.
Stage MEGS concludes the deactivation phase in Section 6 of the GUI.
From Deactivation in Section 6 of the GUI, the user is able to pinpoint
discrepancy-causing dynamic models. When a case fails at a certain stage,
the model that was activated in that stage contributes to the discrepancies
between the simulation results. These discrepancy-causing dynamic models
are listed in Table 2.6.
2.5.4 Summary
In this chapter, a graphical user interface was created to automate a method
to systematically determine discrepancies in PowerWorld and PSLF transient
stability simulation results. The approach used SMIB two bus equivalents for
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Table 2.6: Discrepant Dynamic Models
Case Name Stage Failed Model Name
8055 2 None N/A
8056 1 None N/A
8651 1 None N/A
8655 2 None N/A
14903 1 ME ESST1A GE
14964 1 None N/A
15188 3 None N/A
18276 2 None N/A
31152 1 None N/A
33840 4 M MOTOR1
38114 1 MEGS PSS2A
each generator to isolate the generator response from the system. To perturb
the generator, an initial disturbance was applied using a playback file and
key interface signals were measured. The results were compared using the
calculated L1-norm differences. Cases that yielded an L1-norm difference
above the L1-norm elbow-point were further analyzed through simulations
in sequential stages to identify the discrepant dynamic model.
As demonstrated in the case study, automation of this process provides
the user with many benefits including the ability run multiple cases through
batch processing on both packages with a few clicks, easy to read graphs
to visualize the generator interface signal discrepancies between the software
packages, and control of the deactivation and simulation of dynamic models
in stages to isolate the error source. The resulting pass/fail summaries pro-
vide information on which generator and dynamic models contribute to the
discrepancies.
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CHAPTER 3
VALIDATION USING PHASOR
MEASUREMENT UNIT DATA
In this chapter, a brief overview of phasor measurement unit data is given
and the method used to create validation base cases is discussed. Progress
made on the development of this tool is shown and the automatic mapping
method to create a base case is demonstrated.
3.1 Phasor Measurement Unit (PMU) Data
In the last few years, phasor measurement units (PMUs) or synchrophasors
have become one of the most important measuring devices in power systems,
making fast simulations and advanced visualization tools that can help sys-
tem operators assess system dynamics possible. Phasor Measurement Units
(PMUs) are devices that measure the phase angle of voltages and currents
across the power grid by making use of the synchronized time signal from the
Global Positioning System (GPS). Bonneville Power Administration (BPA)
was the first to deploy PMUs in the WECC system in 1988 [8].
This work utilizes transmission-level (i.e. 500 kV, 230 kV, etc. networks)
PMU measurements across the WECC system provided by BPA. However,
before validation of transient stability simulation results is performed against
the PMU data, preliminary work is done to prepare the appropriate system
validation base case.
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3.2 Validation Base Cases
3.2.1 Real-Time Cases and Planning Cases
The validation base case is constructed from two types of transient stability
cases: planning cases and real-time cases. Planning cases are comprehensive
cases used by WECC members for the reliable planning and operation of
the bulk electric system in the Western Interconnection. These cases contain
dynamic models for all the generators and loads. On the other hand, real-
time cases, or state-estimator cases, lack dynamic model data to perform
dynamic simulations. Instead, real-time cases are “snapshots” of the system
and contain actual generation and consumption data for that particular state
of the system. In this study, the time of interest for the real-time cases is
around the time the disturbance occurred.
In order to perform any transient stability analysis using a commercial
software package, at least one dynamic model must be present. However,
since real-time cases do not contain dynamic models, it is important to use a
method to map dynamic models from a planning case to the real-time case.
Using the WECC West-wide System Model (WSM) mapping file, planning
case generator fields are matched to the real-time case fields. Two versions of
this file were available, Version 2 was provided by BPA, while Version 9 was
found online. The two versions were compared and found to have significant
differences between the mapped and unmapped units (see Table 3.1).
Table 3.1: Differences Between WSM Mapping File Versions
Version 2 Version 9
Total mapped units 2275 2786
Unmapped planning units 1291 1155
Unmapped WSM units 894 586
Extra mapped units not in other
version
112 600
WSM GEN Long Id/EMS Label
mismatches
249 249
Version 9 has 511 more units mapped than Version 2. A natural assump-
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tion would be that Version 9 contains all mapped units in Version 2 with
additional units mapped; however, Version 9 does not necessarily map the
exact same units in Version 2. Version 2 has 112 units that are not mapped in
Version 9, while Version 9 has 600 extra mapped units that are not mapped
in Version 2. In addition, both versions had 249 units that have a different
WSM GEN Long Id/EMS Label for the same unit. Knowing there are differ-
ences in mapping files, the flexibility of choosing which mapping file to use
was accounted for when designing the tool.
3.2.2 Mapping Methodology Using Labels
This research focuses on automating the mapping methodology established
in [9], which uses a unique feature in PowerWorld called “Labels”. In the
method using Labels, the user must actively follow the procedures listed in
Appendix A of [9]. These procedures involve opening the planning case on
PowerWorld, going to the Generator Model Use page, displaying the “La-
bels All” field, and exporting the generator model parameters in a comma-
separated value (CSV) file (.csv). This CSV file is opened on Microsoft Excel
to use the first four column headers (“AllLabels”, “BusNum”,“Bus Name”,
and “GenID”), while deleting the contents of these columns and all other
columns. In a separate Excel window, the mapping file is opened. From the
mapping file, the contents of the the column “GEN Long ID/EMS Label” are
copied and pasted under the “AllLabels” header, “Planning Bus No.” into
“BusNum”, “Planning Bus Name” into “BusName”, and “Planning GenID”
into “GenID”. All the information on the CSV file are copied and pasted
onto the Generator Model Use page on PowerWorld. Now that the genera-
tors will have labels in the “AllLabels” column, the planning case is saved
as an auxiliary file. This auxiliary file is loaded into the real-time case, map-
ping the generator models over so the real-time case now contains dynamic
models. Although the Labels method seems pretty straight forward, it can
be inconvenient for multiple, large cases. As a result, creating a tool to au-
tomate the process will help users quickly map dynamic models from the
planning case to the real-time case.
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3.3 Automation Tool for Validation
3.3.1 Software Packages and Programming Languages
Since this task is focused on comparing PMU data with PowerWorld simula-
tion results, the only transient stability software package used is PowerWorld.
By utilizing the Simulation Automation Server (SimAuto) feature on Pow-
erWorld, which can be coded in C#, automating the creation of validation
base cases was possible. Like the verification tool discussed earlier, this tool
was also coded in Visual Studio using C#.
3.3.2 Graphical User Interface Layout
Like the Verification GUI discussed earlier, the Validation GUI will also be
divided into different sections for systematic use as shown in Figure 3.1. The
grayed out sections are placeholders for the additional features that will be
added in future work.
Figure 3.1: Validation Graphical User Interface (GUI) Layout
In the first section, which is shown in Figure 3.2, the validation base case
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is created. Separate file browsers for the real-time case, planning case, dy-
namic data file, and WSM mapping file are used because the user may not
necessarily have all these files in one folder, especially if there are multiple
different files for each. When the “Map dynamic data to EMS case and create
Validation base case in .pwb format” button is clicked, the Labels method
mentioned earlier is done automatically, without the need for any other user
interaction.
3.3.3 Algorithm and Case Study
After the tool is properly installed, no other configurations are necessary and
the tool is ready for use.
Figure 3.2: Section 1: Creating a Validation Base Case
The real-time case, planning case, dynamic data file, and WSM mapping
file are selected. In this case study, the real-time case used is an event that
happened on May 6, 2014 with a time stamp of 11:09 am. The planning
case used was the 2015 high summer case with the corresponding dynamic
data file. Finally, the WSM mapping file selected is the WSM Mapping
Version 9. About less than a minute after clicking the “Map dynamic data
to EMS case and create validation base case in .pwb format” button, the new
validation base case is created in the same directory as the real-time cases.
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Using Version 9 of the mapping file, dynamic data for 2549 out of 3416
generators have been mapped from the planning-case to the real-time case,
corresponding to about 90% of the total generation in mega-watts (MW).
In contrast, using Version 2 of the mapping file maps the dynamic data for
only 1906 generators out of 3416, corresponding to about 72% of the total
generation in MW. This significant difference in mapped generators using the
two different versions could be due to Version 9 having more units mapped
than Version 2 or due to the EMS label mismatches between the two files.
3.3.4 Summary
In this chapter, a GUI was developed to automate the creation of base cases
for the validation of transient stability simulations with PMU data for a spe-
cific event. The approach used the WSM mapping file and generator model
labels to map generator dynamic data onto a real-time case. As demon-
strated in the case study, automation of this process quickly creates base
cases in less than one minute with one click of a button.
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CHAPTER 4
CONCLUDING REMARKS
This chapter gives a brief summary of the thesis and highlights the key
contributions of this work. It concludes with describing future work that
can be done to improve and automate the methods used for verification and
validation.
4.1 Thesis Summary and Contributions
Inaccurate models may cause the overutlization or underutilization of the
grid, the determination of incorrect operational limits, or lead to black-outs.
Verifying the results of the two software packages ensures planning studies
will reflect consistent system behavior between the different programs. In
this thesis, a tool was created to automate the process of comparing transient
stability results between PowerWorld and PSLF to determine the sources of
discrepancies from the generator dynamic models.
Moreover, validating transient models and results against PMU data will
help determine whether the models accurately represent the actual behavior
of the power system. A better representation of the actual system behavior
will help utilities make wise planning and operational decisions to improve
the efficiency and maintain reliability of the grid. In this thesis, a tool was
developed to automate the preliminary stages of the validation process, which
is to create base cases by mapping generator dynamic data from planning
cases onto real-time cases.
4.2 Conclusion and Future Work
The accurate representation of the grid has been and will continue to be
sought after by power system planners. Many utilities use multiple commer-
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cial software packages for transient stability studies to help make important
decisions about the planning and operation of the grid. Although this veri-
fication tool is a step toward identifying discrepant models, future work will
automate the analysis of the different states and parameters of the individual
dynamic models.
In addition to verifying the behavior of the system through simulations
on different software packages, the effort to validate simulation results with
PMU data measured from the grid is still ongoing. Automating the creation
of base cases have made this process more convenient and sets the foundation
for the many tasks that still need to be done for this project. Future work
will include completing and automating the following tasks:
• Initialize the base cases to ensure the system is stable before a transient
contingency is applied. Heuristics have been developed and should be
applied to correct bad data in the cases, such as incorrect MVA bases
for the generators and disabling governors for generators operating as
motors in the real-time case.
• Read the PMU data and map the buses to the validation base case.
Develop methods to compare the PMU measurements to the simulation
results and find a metric to quantify the differences.
• Develop a sensitivity analysis-based method to determine the causes
of discrepancies between the simulations and PMU data. When the
causes of the discrepancies are identified, parameter sensitivity and
optimization techniques will be used to correct the model parameter
values.
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APPENDIX A
L1 NORM RESULTS FROM
DEACTIVATION
In this appendix, the results from the L1 norm difference files created during
deactivation are tabulated. Table A.1 lists the L1 norm differences calculated
in Stage M while Table A.2 lists the L1 norm differences calculated in Stage
ME. Similarly, Table A.3 lists the L1 norm differences calculated in Stage
MG and Table A.4 lists the L1 norm differences calculated in Stage MEGS.
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Table A.1: Stage M L1 Norm Differences
Case
ID
Fault Type Speed Terminal
Voltage
Real
Power
Reactive
Power
14903 1 Frequency Up 5.12E-05 0.000545213 0.002056562 0.004342588
14964 1 Frequency Up 4.14E-05 0.000123226 0.005669221 0.006132132
15188 3 Frequency Up 5.80E-05 2.21E-05 0.011591167 0.015737496
18276 2 Frequency Up 6.54E-05 9.64E-05 0.005260207 0.017441622
31152 1 Frequency Up 3.41E-05 0.00015897 0.006109797 0.003482817
33840 4 Frequency Up 0.006909712 3.30E-06 2.000000038 1.999931106
38114 1 Frequency Up 4.43E-05 3.45E-05 0.003903065 0.001919264
8055 2 Frequency Up 4.71E-05 8.54E-05 0.007222161 0.012610523
8056 1 Frequency Up 4.96E-05 0.000101069 0.005034609 0.00580176
8651 1 Frequency Up 6.68E-05 0.000104823 0.009362356 0.002269283
8655 2 Frequency Up 6.07E-05 9.08E-05 0.01402707 0.018223489
14903 1 Voltage 2.23E-05 0.000206081 0.000786486 0.001909251
14964 1 Voltage 7.68E-06 0.000162518 0.000960277 0.00652353
15188 3 Voltage 2.05E-05 3.41E-05 0.004155835 0.019098385
18276 2 Voltage 4.09E-05 0.000170047 0.003042125 0.013967307
31152 1 Voltage 5.78E-06 0.000312431 0.001301528 0.004334218
33840 4 Voltage 0.002957447
5.29E-05
2.000000085 2.002304553
38114 1 Voltage 2.50E-05 0.000113933 0.001891132 0.005012464
8055 2 Voltage 1.09E-05 0.000226885 0.004131965 0.031275495
8056 1 Voltage 1.64E-05 0.000187693 0.001544153 0.007297254
8651 1 Voltage 1.90E-05 6.18E-05 0.002620839 0.002021191
8655 2 Voltage 9.33E-06 0.000423948 0.002319563 0.045174852
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Table A.2: Stage ME L1 Norm Differences
Case ID Fault Type Field Voltage
14903 1 Voltage 0.751341204
14964 1 Voltage 0.000834758
18276 2 Voltage 0.003324365
31152 1 Voltage 0.011490044
38114 1 Voltage 0.133519045
8055 2 Voltage 0.001304913
8056 1 Voltage 0.001784568
8651 1 Voltage 0.001920425
8655 2 Voltage 0.001287985
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Table A.3: Stage MG L1 Norm Differences
Case ID Fault Type Mechanical
Power
14903 1 Frequency Up 6.85E-05
14964 1 Frequency Up 0.000830048
18276 2 Frequency Up 0.000167832
31152 1 Frequency Up 9.74E-05
38114 1 Frequency Up 0.000137644
8055 2 Frequency Up 0.000402435
8056 1 Frequency Up 0.000238845
8651 1 Frequency Up 0.000385041
8655 2 Frequency Up 0.000196452
14903 1 Frequency Down 6.73E-05
14964 1 Frequency Down 0.000218042
18276 2 Frequency Down 1.03E-05
31152 1 Frequency Down 0.010855945
38114 1 Frequency Down 1.17E-05
8055 2 Frequency Down 0.00029636
8056 1 Frequency Down 0.000112897
8651 1 Frequency Down 0.000303099
8655 2 Frequency Down 0.000159369
Table A.4: Stage MEGS L1 Norm Differences
Case ID Fault Type Stabilizer Output
38114 1 Frequency Up 0.143638039
38114 1 Voltage 0.355752832
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APPENDIX B
SMIB SUMMARY
In this appendix, the information from the summary files generated by the
tool are tabulated. Table B.1 lists the cases above the L1 norm elbow-point
that were further analyzed in the deactivation stages. The Stage M pass/fail
summary is listed on Table B.2, while Table B.3 lists the pass/fail summary
generated in Stage ME. In addition, Table B.4 lists the pass/fail summary
generated in Stage MG and Table B.5 lists the summary generated in Stage
MEGS.
Table B.1: Cases Going into Deactivation
Case ID
14903 1
14964 1
15188 3
18276 2
31152 1
38114 1
8055 2
8056 1
8651 1
8655 2
33840 4
52
Table B.2: Stage M Pass/Fail Summary
Cases that passed Stage
M
Cases that failed Stage
M
14903 1 33840 4
14964 1
15188 3
18276 2
31152 1
38114 1
8055 2
8056 1
8651 1
8655 2
Table B.3: Stage MG Pass/Fail Summary
Cases that passed Stage
ME
Cases that failed Stage
ME
14964 1 14903 1
18276 2
31152 1
38114 1
8055 2
8056 1
8651 1
8655 2
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Table B.4: Stage MG Pass/Fail Summary
Cases that passed Stage
MG
Cases that failed Stage
MG
14903 1 none
14964 1
18276 2
31152 1
38114 1
8055 2
8056 1
8651 1
8655 2
Table B.5: Stage MEGS Pass/Fail Summary
Cases that passed Stage
MEGS
Cases that failed Stage
MEGS
none 38114 1
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